Recent studies suggest the existence of a global atmospheric teleconnection of extratropical cooling to the tropical rainfall climate, mediated through the development of a thermal contrast between the hemispheres-an interhemispheric thermal gradient. This teleconnection has been largely motivated by studies that show a global synchronization of rapid climate change during abrupt climate changes of the last glacial period, in addition to attribution studies of twentieth-century Sahel drought and studies that examined the climate impacts of anthropogenic aerosols. This research has led to interesting developments in atmospheric dynamics of the underlying mechanisms and in applications toward understanding past and present tropical climate change. The emerging teleconnection hypothesis promises to offer new insights into understanding future patterns of tropical rainfall changes due to interhemispheric thermal gradients from greenhouse warming, aerosols, and land-use change. 
INTRODUCTION
In the early 1900s, the famed meteorologist Sir Gilbert Walker, then head of the Indian Meteorological Department, set about understanding and forecasting the Indian monsoon through systematic statistical analysis of the available weather and climate data from around the globe. In the process, he discovered an atmospheric teleconnection pattern-the Southern Oscillation-that was the precursor to the El Niño-Southern Oscillation (ENSO). Subsequent development of observational analysis, theory, and modeling of ENSO has shown it to be the source of a great global climate reorganization. ENSO's influence ranges from the tropical Pacific to the rest of the tropics and the extratropics of both hemispheres, primarily via changes to the atmospheric circulation.
Over the past few decades, paleoclimate studies uncovering the nature of abrupt climate changes during the last glacial period have gradually revealed the presence of another great global teleconnection in Earth's climate. The regional source of the teleconnection-like the tropical Pacific for ENSO-appeared to be in the high-latitude North Atlantic. Unlike the ENSO teleconnection, in which the influence starts from shifts in the tropical convection that then alter the atmospheric circulation in the extratropics, this teleconnection starts from the high latitudes and alters the largescale spatial patterns of tropical convection. The primary observational basis of this teleconnection was gained through decades of painstaking work by paleoclimatologists in linking paleoclimate records from disparate regions to the Greenland ice-core records over the last glacial period (see Section 2). Gradually, a global picture emerged: one in which cooling over the high-latitude North Atlantic produced a Northern Hemisphere (NH)-wide cooling of surface temperatures, creating an altered interhemispheric thermal gradient, and furthermore produced weakened West African and Asian summer monsoons and a southward shift of the Atlantic and East Pacific Intertropical Convergence Zones (ITCZs).
The earliest conceptual ideas, to our knowledge, that highlighted the interhemispheric thermal gradient were in the works of German climatologist Hermann Flohn in the 1960s and 1970s. He was fascinated with the idea of hemispheric asymmetry in the evolution of Earth's climate and was specifically interested in the period during the Cenozoic when Antarctica was glaciated but when the NH was largely free of land or sea ice (Flohn 1981) . He conceptualized that the unipolar glaciation gave rise to a pronounced hemispheric asymmetry in the climate, with the various climate zones shifted in accordance with the asymmetry. He also conjectured that a melting Arctic under global warming could lead to a similar climate situation (Flohn 1982 ). Flohn's ideas about hemispheric asymmetry were largely conceptual and ahead of his time, and he did not have the modeling tools available later to fully explore his conjectures.
The pattern of NH extratropical cooling leading to an interhemispheric thermal gradient and tropical rainfall response also emerged from studies of past climates using an atmospheric general circulation model (AGCM) coupled to a simple thermodynamic ocean representative of the mixed layer (also termed slab ocean). In modeling studies of the Last Glacial Maximum (LGM) climate, the ice sheets occupying a large fraction of high-latitude North America and Eurasia increased the NH albedo and caused a preferential cooling of NH temperatures (on top of a global cooling driven by greenhouse gas declines). Manabe & Broccoli (1985) demonstrated that the continental icesheet configuration during that time led to a significant cooling of the NH, but not the Southern Hemisphere (SH), because radiative forcing by the ice sheet was compensated primarily within the NH through feedbacks involving temperature [the tendency for hemispheric compensation was also noted in simulations by Chen & Ramaswamy (1996) ]. A follow-up study by Broccoli (2000) noted again the interhemispheric temperature contrast created by the imposition of the LGM land ice sheet boundary conditions and furthermore proposed that the asymmetry leads to a reorientation of the Hadley circulation, with a southward-displaced rising branch. We illustrate this characteristic AGCM-slab ocean response to extratropical cooling with a representative simulation using the Community Atmosphere Model 3 (Collins et al. 2006) coupled to a slab ocean, applying a 30 W m −2 cooling to the slab ocean in the midlatitude North Atlantic (Figure 1) . The striking feature of the simulation is the global interhemispheric nature of the climate response. The anomalies exhibit hemispheric patterns: cooling over the entire NH, but Global boreal summer sea-surface temperature (SST) anomalies associated with the drought period over the Sahel as derived by Folland et al. (1986) . Plotted are SSTs, July to September, the average of the time spans 1972-73 and 1982-84 (Sahel dry) minus the average of the time spans 1950 spans , 1952 spans -54, and 1958 . The contour interval is 0.5 • C, and the light blue shaded regions indicate where the difference is significant (at the 90% level, according to a t-test). Modified from Folland et al. (1986) with permission from Nature. cause NH-wide cooling, leading to an interhemispheric thermal gradient, a general southward shift of the ITCZ, and a weakening of the NH summer monsoons. All these disparate threads of inquiry-paleoclimate and modern-day climate, observations, and modeling-suggested that this pattern of extratropical cooling, interhemispheric thermal gradient, and tropical climate change was central to the global climate change response. Numerous recent studies, often unrelated, appear to be converging to this gross view. The goal of this review is to formalize and synthesize the existing research on this particular teleconnection. We attempt to present the teleconnection in a more formal manner by defining its characteristics, asking the appropriate questions, and speculating on its potential applications. We review the development in our understanding of the teleconnections to abrupt climate changes during the last glacial period (Section 2), coupled ocean-atmosphere processes that govern interannual variability of the ITCZ and West African and Asian monsoons in response to the interhemispheric thermal gradient (Section 3), and model studies that reveal our current understanding of the mechanisms by which extratropical thermal forcings can influence tropical climate (Section 4). We discuss specific twentieth-century climate scenarios in which the teleconnection concept has recently been applied as a central feature of the climate changes (Section 5) and then discuss possible implications of interpreting future climate changes (Section 6). We end with some concluding remarks and thoughts regarding the future development of this hypothesis (Section 7).
ABRUPT CLIMATE CHANGE DURING THE LAST GLACIAL PERIOD
The global climate impacts surrounding abrupt climate changes during the last glacial period (roughly between 100,000 and 15,000 years ago) provided much of the empirical motivation for an extratropical influence on tropical climate. The Dansgaard-Oeschger (D/O) events, as recorded by Greenland ice-core records (Dansgaard et al. 1993) , showed abrupt (∼10-K) warmings from cold stadial to warm interstadial states over the high North Atlantic (Figure 3a) . The transitions occurred in as quickly as three years, and at most over a few decades. The climate typically stayed in interstadial states for a few hundred years before rapidly transitioning back to stadial states. It has also been well known that these abrupt change events had global consequences. Voelker (2002) mapped the global signature of abrupt climate change during Marine Isotope Stage 3 (59-29 thousand years ago), when D/O events were most active. Even from a sparse network of point proxy records, the interhemispheric nature of the climate changes is apparent (Figure 4) . The temperature changes occur throughout the NH extratropics and tropics, and in phase with temperatures in the North Atlantic; in the SH, the available sparse records appear to be out of phase with the response.
The most striking resemblance to the variations in Greenland came from long climate records in the distant tropics. Peterson et al. (2000) published a 90,000-year record from a sedimentary core from the anoxic Cariaco Basin off the coast of northern Venezuela (Figure 3b) . Variations in the color reflectance from that core resulted from changes to the terrigenous input that reflected changes to the hydrological cycle over land, presumed to be from variations in the Atlantic ITCZ. To within dating uncertainty, the match of this record to abrupt climate changes over Greenland was remarkable-individual events could be identified almost one for one with D/O events in Greenland. The match was not perfect, however, as uncertainty in the age model meant that some latitude was taken in pairing events that did not line up with their respective age models.
A spectacular speleothem record from Hulu Cave in China was published in 2001 (Wang et al. 2001) . Stable oxygen isotope records from five stalagmites in that cave exhibited strong resemblance to the Greenland stable oxygen isotope record (Figure 3c) Paleoproxy records spanning 10,000 to 70,000 years ago that demonstrate the close relationship between Greenland temperatures and rainfall records from the tropical Atlantic and China during the last glacial period. (a) Greenland temperatures during the last glacial period, as recorded by a stable oxygen isotope proxy from the Greenland Ice Sheet Project II (GISPII) core (Grootes & Stuiver 1997 The dominant hypothesis for the cause of abrupt North Atlantic cooling is the variation in the strength of the Atlantic meridional overturning circulation (AMOC), first proposed by Broecker et al. (1985) . Greenland temperature jumps reflected sudden changes to the strength of the AMOC: A strong AMOC delivers heat to the high-latitude North Atlantic, warming the climate there and downstream to Europe. Although the exact cause of the switches to the AMOC remains unresolved, evidence has largely supported this scenario (Alley 2007) . [This view was challenged in the mid1990s and 2000s with an alternative tropical hypothesis arguing that the ultimate origins of the abrupt changes were from tropical ocean-atmosphere dynamics (e.g., Seager & Battisti 2007) ; however, as of this writing, this view has somewhat fallen out of favor (Chiang 2009)] .
The match between the observed global climate changes during abrupt events with coupled model simulations of AMOC slowdown provides some of the best evidence thus far for the role of the AMOC. Several AMOC slowdown simulations, motivated by the Younger Dryas event, were done with coupled models in the 1990s and early 2000s, but the significance of the pronounced tropical impact in these simulations was not noted until much later. For example, the seminal Manabe & Stouffer (1988) coupled-model study of bistable AMOC states clearly shows significant tropical rainfall changes between the on and off states of the AMOC, but the paper was largely focused on elucidating other features of the bistable climate. Vellinga & Wood (2002) first to emphasize the global nature of the climate changes resulting from AMOC slowdown. They initiated slowdown by instantaneously adding a large freshwater pulse in the high-latitude North Atlantic in their coupled simulation (known colloquially as a hosing simulation), and a pronounced response of the global climate ensued. The two key responses to come out of the simulation were (a) a strong cooling over the entire NH, with the strongest cooling over the North Atlantic (and a weak warming in the SH, in particular the South Tropical Atlantic); and (b) a pronounced response in tropical rainfall, most prominently a southward shift in the ITCZ over the East Pacific and Atlantic. The robustness of this interhemispheric response in AMOC shutdown has since been verified in numerous studies; in particular, Zhang & Delworth (2005) showed a similar response in a coupledmodel hosing simulation and furthermore confirmed the impact of a weakened Indian and Asian summer monsoon. In Figure 5 we show the boreal summer ( July-September) anomalies from a coupled-model hosing simulation by Cheng et al. (2007) . The model results are most striking in their apparent agreement with paleoproxy reconstructions of past global reorganizations of climate during abrupt climate change. They feature general cooling in the NH, apparent lack of a strong signal in the SH, a southward tropical Atlantic ITCZ (including drying in Northeast Brazil and West Africa), and decreased Asian monsoon rainfall.
Subsequent research addressing global teleconnection mechanisms to AMOC slowdown has suggested the predominance of atmospheric, as opposed to ocean dynamical, mechanisms (see Section 4). The substantial increase of North Atlantic sea-ice cover during AMOC shutdown, in particular during the winter season, is thought to be the key source of extratropical cooling driving the atmospheric response (Cheng et al. 2007 , Li et al. 2005 . Studies explicitly investigating the Anomaly: the deviation in a given region over a specified period from the long-term average value for the same region Hadley cell: a thermally direct circulation in the tropical atmosphere, consisting of the trade winds at the surface, uplift near the equator, poleward flow aloft, and descent in the subtropics Dipole: a spatial pattern characterized by opposite values separated at a distance relative roles of the atmosphere and ocean in communicating AMOC shutdown globally seem to point to the importance of the atmosphere (e.g., Chiang et al. 2008 , Timmermann et al. 2005b . One exception in which ocean dynamical response appears to be key is in the weak warming of the southern tropical oceans: In particular, Chang et al. (2008) showed that the subsurface North Brazil Current reverses during AMOC shutdown, leading to decreased upper-ocean stratification and warmer SST in the equatorial South Atlantic Ocean. Other studies have argued for an oceanic teleconnection through baroclinic ocean adjustment that communicates AMOC slowdown to the global oceans through ocean planetary waves (Kawase 1987) , leading, in particular, to changes in the equatorial thermoclines (Huang et al. 2000 , Timmermann et al. 2005a ).
ANALOGS FROM PRESENT-DAY TROPICAL CLIMATE VARIABILITY
Why is tropical rainfall so sensitive to the interhemispheric thermal gradient? In this section, we explore the analogs of seasonal and interannual variability, which offer clues to the underlying reasons for the sensitivity. First, the zonal-mean annual cycle in the tropics offers a familiar illustration of the overall tropical response to the interhemispheric thermal gradient. Next, given that key climatic locations for the tropical rainfall response in abrupt climate change appear to be the Atlantic ITCZ and the West African and Asian monsoon regions, we highlight the nature of interannual-to-decadal variability of those areas. In Section 4, we focus more on the atmospheric dynamics of the tropical response to extratropical forcing.
Tropical Seasonal Cycle
Although it obscures some important regional differences, the zonal-mean (averaged over all longitudes) seasonal cycle is suggestive of the influence of the interhemispheric thermal gradient on the location of rainfall and other variables in the tropics. Figure 6 contrasts the evolution of the seasonal zonal-mean SST anomaly with the seasonal cycle of zonal-mean tropical rainfall and other indicators of tropical climate. In this figure, the numbered contours show the SST minus the annual mean SST at each latitude, which emphasizes its seasonal variation. Over the course of the year, the region of high precipitation shifts toward the hemisphere with anomalously warm SSTs. Other measures of tropical circulation-the latitudes of maximum uplift and of zero net meridional atmospheric heat transport (termed the energy flux equator)-also shift with precipitation toward the anomalously warmer hemisphere. All of these variables generally lag the seasonality of insolation by approximately two months. [The abrupt jumps in rainfall and maximum uplift arise from regional atmospheric and ocean dynamics of the ITCZ, particularly over the cold tongues (Hu et al. 2007 , Mitchell & Wallace 1992 ).] We discuss the relationship of poleward atmospheric heat transport to the Hadley cell and the ITCZ in Section 4.
Tropical Atlantic Variability
The tropical Atlantic response to AMOC shutdown resembles the dominant mode of interannualto-decadal variations in that basin from ocean-atmosphere climate interactions ). This mode of variation, termed the Meridional Mode (also known as the Interhemispheric or Gradient Mode), exhibits the characteristics of a dipole in the tropical SST, inducing a change to the cross-equatorial thermal gradient (Figure 7) . Associated with the SST anomalies are southerly cross-equatorial surface winds that imply a northward shift of the Atlantic ITCZ, and the displaced ITCZ brings drought to neighboring land regions (including Northeast Brazil). Hastenrath & Heller (1977) were the first to link causes of frequent and often-disastrous droughts over Northeast The zonal-mean seasonal cycle of climate over the tropics. The figure shows the seasonal cycle in precipitation (brown shaded ), sea-surface temperature (SST) contrast relative to the annual mean [red (warm) and blue (cold) contours; contour interval is 1 K], solar declination (dark gray circles), latitude of maximum pressure vertical velocity at 500 mbar (white line), and latitude of zero net meridional atmospheric heat transport ( purple dashed line). The precipitation climatology ) is generated from Xie & Arkin (1997) . The SST climatology (1971 -2000 is from Reynolds et al. (2002) . The pressure vertical velocity climatology (1971 The pressure vertical velocity climatology ( -2000 is from Kalnay et al. (1996) . The climatology of net meridional atmospheric heat transport ) is based on the European Center for Medium-Range Weather Forecasts Reanalysis Interim data, described in Trenberth et al. (2011) .
Wind-evaporation-SST (WES) feedback:
a feedback between sea-surface temperature (SST) anomalies and surface wind changes that acts to reinforce the underlying SST anomaly by altering evaporation Brazil to this SST pattern. A remarkable feature of this pattern is the exquisite sensitivity of the ITCZ response: An anomalous change in the north-south tropical Atlantic temperature difference only on the order of 1 K is able to produce drought conditions over Northeast Brazil (Figure 8) .
The sensitivity of the rainfall to this tropical SST pattern arises for several reasons (Chiang et al. 2002) . In part, it has been attributed to the responsiveness of the equatorial flow to small pressure gradients. Under a weak temperature-gradient assumption for the free troposphere, the anomalous tropical SST pattern can effectively set up a surface cross-equatorial pressure gradient that then drives a strong anomalous cross-equatorial flow (Lindzen & Nigam 1987 ) (recall that the Coriolis effect is negligible at the equator). Positive feedbacks then help amplify the response. The equatorial wind-evaporation-SST (WES) feedback works by increasing (decreasing) evaporation in the anomalously cold (warm) hemisphere from the strengthening (weakening) trade winds induced by the anomalous cross-equatorial flow; the anomalous tropical interhemispheric SST pattern is thus reinforced. This feedback, however, only works effectively in the deep tropics (Chang et al. 2000) . Another positive feedback comes from changes to the convective heating that alter the local Hadley circulation (Moura & Shukla 1981) . The diabatically driven circulation enhances the interhemispheric pattern through amplifying the cross-equatorial flow and increasing subsidence on the anomalously colder hemisphere. The latter response stabilizes the boundary layer, allowing for increased formation of low stratus clouds that enhance cooling. The Atlantic Meridional Mode analog thus suggests that an Atlantic ITCZ shift can be readily initiated from small changes to the tropical interhemispheric SST gradient. The source of this SST gradient change originates from variations to the northeasterly trade strength during the winter, driven by ENSO or the North Atlantic Oscillation (Chiang et al. 2002 , Czaja et al. 2002 . Weakened trades reduce evaporation over the North Atlantic subtropical basin, thus warming up the SST and initiating the cross-equatorial flow and ITCZ displacement; this response peaks during the boreal spring. In the extratropical cooling scenario, however, the causes of the change to the interhemispheric SST gradient arise for different reasons, as we discuss in Section 4. Smith et al. (2008) ; the precipitation data are from Chen et al. (2002) . The dashed line is the least-squares fit to the data. The r 2 value between the two time series is 0.55, and significance exceeds the 99% confidence level. The figure demonstrates the strong sensitivity of Nordeste rainfall to the tropical Atlantic interhemispheric SST gradient, with only a ∼1-K change making the difference between drought and good rainfall.
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West African and Asian Monsoonal Variability
The underlying causes of the interannual-to-decadal variability of the West African and Asian monsoons have thus far remained elusive compared with those of the Atlantic ITCZ, and a compelling modern-day analog that parallels West African and Asian monsoon weakening in AMOC shutdown simulations has yet to be found. However, some AGCM studies have argued that the interhemispheric SST gradient over tropical oceans does indeed affect the West African and Asian monsoons on multidecadal timescales. Hoerling et al. (2006) argued that the weakening Sahel monsoon was due to changes in the tropical Atlantic interhemispheric SST gradient. Chung & Ramanathan (2006) argued that the summertime north-south gradient in the tropical Indian Ocean since the 1950s contributed to the weakening of the summer monsoon in South Asia; more generally, they proposed that the meridional tropical SST gradient was responsible for the weakening of land precipitation in the tropics since the 1950s. Thus, the suggestion is that forces that act to produce an interhemispheric SST gradient may also alter the summer monsoon in the process. We further discuss twentieth-century changes to the West African and Asian monsoons in Section 5. Recent studies of summer monsoon interannual-to-decadal variations have suggested an alternative view that focuses attention not on tropical SST, but on cooling over the North African and Eurasian continental interiors. The idealized North Atlantic cooling simulation of Figure 1 illustrates this possibility: There is cooling over both the North African and Eurasian continental interiors (relative to the oceans to the south), north of the weakened Sahel and South Asian summertime rainfall. Haarsma et al. (2005) showed from observations that interannual Sahel rainfall variations are tied to temperature changes over the Sahara desert, to the north of the Sahel. For the Indian summer monsoon, Goswami et al. (2006) tie cooler tropospheric temperatures over the Eurasian continent to a weaker monsoon.
The concept of continental cooling leading to monsoon weakening is plausible: The monsoon has traditionally been viewed as a response to land-ocean thermal contrasts, so a cooling of the continental interior leads to a reduction in this contrast. However, how might this work mechanistically? We see two possibilities. The first possibility is that surface pressure changes accompany the temperature changes, acting in such a way as to reduce the meridional pressure gradient driving the monsoon when the continental interior is cold; this is suggested in the sea-level pressure and surface wind anomalies of Figure 1 , at least for North Africa. This mechanism has observational support: Both Haarsma et al. (2005) and show that a weakened Sahara low, associated with colder North African temperatures, is linked to reduced Sahel rainfall on interannual timescales.
The second possibility is that the advection of low moist static energy (i.e., cold and dry) air into the monsoon convection region acts to weaken the convective monsoonal rainfall. Chou & Neelin (2003) proposed this idea, which they term the ventilation effect, as a limiting factor in the climatological northward extent of monsoons; more recently, Boos & Kuang (2010) argued along similar lines that the presence of Tibetan orography intensified the Asian monsoon because the orography prevented cold, dry midlatitude air from penetrating into the tropical latitudes. Chou et al. (2005) investigated the effect of local and remote impacts of aerosols on tropical rainfall and showed that the remote effect was associated with their global effects on temperature and moisture anomalies. These anomalies, in turn, affected tropical convection both by cooling the tropical troposphere (thus lowering the threshold for convection to occur) and by changing the tropical gross moist stability. On synoptic timescales, cold air surges originating from the Mediterranean have been implicated in break periods of the West African monsoon (Vizy & Cook 2009 ).
THE INFLUENCE OF EXTRATROPICAL COOLING ON TROPICAL CLIMATE CHANGE
The previous section highlights the sensitivity of the tropical rainfall climate to change. We now address how thermal forcing from the extratropics can drive such changes. Chiang & Bitz (2005) and Broccoli et al. (2006) were the first to explicitly propose atmospheric mechanisms underlying the influence of extratropical cooling on the tropical ITCZ climate. Using an AGCMslab ocean model, Chiang & Bitz (2005) imposed extratropical cooling through specifying LGM ice sheets, as well as enhancing sea-ice cover in the North Pacific and North Atlantic basins (together and separately). All resulted in a generally hemisphere-wide cooling (although there is enhanced cooling in the proximity of the cooling influence) and a southward shift in the ITCZ over all tropical ocean basins, qualitatively similar to that shown in Figure 1 . The opposite hemispheres responded similarly: An imposed southern extratropical cooling gave rise to SH cooling and a northward marine ITCZ shift. Broccoli et al. (2006) found similar hemispheric asymmetric temperature and ITCZ responses in their AGCM-slab ocean simulation, with the equal and opposite extratropical thermal forcings directly applied to the extratropical oceans through anomalous heat fluxes.
In investigating teleconnection mechanisms, Chiang & Bitz (2005) took their cue from tropical Atlantic variability studies by focusing on how the northern subtropical SST changed from www.annualreviews.org • Extratropical Cooling and ClimateNH cooling. Following a mechanism previously proposed by Xie (1999) , Chiang & Bitz (2005) proposed that the NH extratropical cooling was communicated to the tropics by a subtropical WES mechanism (not to be confused with the equatorial WES mechanism described above). Given a cooling in the NH midlatitudes, the associated surface pressure high drives anomalous northeasterlies at the high's southern edge that act to strengthen the prevailing trades. This cools the underlying SST, thus expanding the anomalous high further southward. Gradually, the colder SST, high pressure, and strengthened trades propagate to the ITCZ latitudes. Recent work, however, has shown that the WES feedback mechanism is not fundamental: Both Kang (2009) and Mahajan et al. (2011) showed in AGCM simulations with the WES feedback switched off (by setting the wind speed dependence of evaporation to fixed) that the ITCZ is still displaced away from the cooler hemisphere. Mahajan et al. (2011) do find, however, that the magnitude of the ITCZ response is weaker without WES feedback.
Analyzing the global energy flux has proven to be a particularly useful diagnostic in interpreting the tropical response to extratropical thermal forcing. Modeling studies by Dahl et al. (2005) (a coupled-model hosing simulation) and Chiang & Bitz (2005) noted that NH extratropical cooling necessitated an increase in the poleward energy transport to the northern extratropics, and that the southward ITCZ shift facilitated this increase by allowing for greater energy transport across the equator. This realization led Broccoli et al. (2006) to advance the hypothesis that the requirements set by the altered poleward energy transport to extratropical thermal forcing was central to the tropical ITCZ response. Subsequent studies by Yoshimori & Broccoli (2008 ) lent support to this view: They showed in AGCM-slab ocean simulations with imposed twentieth-century external radiative forcings that the interhemispheric gradient in radiative forcing was a better predictor for the tropical Hadley cell response than the interhemispheric gradient in temperature was.
Key to the Hadley circulation response was how the Hadley cell transported the energy across the equator: The tropical atmosphere generally has slightly more moist static energy (m) in the upper troposphere than in the lower troposphere (whereas the sensible and latent energy terms are larger in the lower troposphere, the gravitational potential term is larger in the upper troposphere), so the energy transport by the Hadley cell is in the direction of the mass transport of the upper branch. The quantity of relevance here (following Kang et al. 2009 ) is the gross moist stability m ≡ F/v 2 where F = mv is the vertically integrated zonal-mean meridional atmospheric energy transport and v 2 is the mass transport of the lower branch of the Hadley circulation (which is equal and opposite to the upper branch). Thus, m is the amount of energy transported per unit mass transport in the lower troposphere. Because the tropical gross moist stability does not change appreciably, changes to the tropical atmospheric energy transport are realized through changes in the mass transport. If the location of the ascending branch of the Hadley circulation shifts southward, the southern Hadley cell weakens and the northern Hadley cell strengthens; this change is expressed by an anomalous mass stream function consisting of a cell straddling the equator, with the upper branch moving from the SH to the NH. In this instance, the altered Hadley circulation leads to an anomalous cross-equatorial atmospheric energy transport from the SH to the NH. Kang et al. (2009) presented a definitive energy flux framework for interpreting the tropical response to extratropical cooling, one that quantitatively links energy transports to the magnitude of tropical rainfall change ( Figure 9) ; we summarize their framework here. The basis of their interpretation comes from studying the atmospheric response to equal but opposite extratropical thermal forcing applied to each hemisphere (i.e., cooling in one hemisphere and warming in the other, such that the applied net thermal forcing is zero), in a range of atmospheric models in aquaplanet configuration. Their applied forcing implies an anomalous cross-hemispheric oceanic heat transport, which is compensated to a degree by the anomalous cross-hemispheric atmospheric heat transport resulting from the atmospheric response. Given the level of compensation and the ambient tropical gross moist stability, the change to the tropical lower tropospheric mass transport can be quantified. Given this mass transport, and information regarding the amount of moisture transport per unit mass transport in the lower troposphere (and also neglecting evaporation), the tropical precipitation response can then also be quantified. They argue for a dynamically determined level of compensation (presumably through poleward heat transport changes by the midlatitude eddies) of approximately 25%, based on aquaplanet-model calculations with no cloud or water vapor feedbacks. The addition of cloud and water vapor feedbacks can, however, bring up the level of compensation (and hence the tropical response) dramatically because of interhemispheric contrasts in the top-of-atmosphere radiative changes; the compensation increased to ∼115% in the AGCM used in their study, mainly through shortwave low-cloud feedbacks in the subtropics. Although the energy flux view has proved surprisingly useful, it is still a diagnostic perspective, and a mechanistic understanding of the teleconnection from extratropical cooling to the tropical ITCZ shift and Hadley circulation change remains to be developed. The classical understanding of the Hadley circulation, derived from axisymmetric studies, is one of thermal driving by tropical convection in the deep tropics and radiative cooling in the subtropics (e.g., Held & Hou 1980 , Schneider 1977 role that midlatitude eddies play in driving the Hadley circulation (e.g., Becker et al. 1997 , Walker & Schneider 2006 ; Kim & Lee (2001) estimate that up to 75% of the Hadley cell is ultimately driven by eddy fluxes. The leading momentum balance in the subtropical upper troposphere is ( f +ζ )v ≈ S (e.g., Caballero 2007) , where the eddy momentum flux divergence S is balanced by the transport of zonal-mean absolute vorticity by the mean meridional circulation ( f +ζ )v. Although it is not a causal relationship, the balance implies that an increase in the eddy momentum flux divergence leads to an increase in the mean meridional circulation (assuming that the Rossby number does not change significantly). This view of midlatitude eddies driving the Hadley cell is finding support in observational diagnostics: In particular, Caballero (2007) have shown from diagnostic studies a link between observed interannual variations in Hadley cell strength and stationary eddy activity. However, the angular momentum budget unfortunately reveals little about our problem, as it does not explicitly constrain the position of the ITCZ.
EXTRATROPICAL COOLING AND TWENTIETH-CENTURY CLIMATE CHANGE
We discuss two examples from the twentieth century in which recent work has highlighted the influence of extratropical cooling on tropical rainfall via the interhemispheric thermal gradient: the late-1960s abrupt climate shift and the aerosol-forced response in tropical rainfall. These resulted in spatially similar tropical rainfall responses but differed in timescale and cause of extratropical cooling.
The Late-1960s Abrupt Climate Shift
A recent study of twentieth-century global SST (Thompson et al. 2010 ) reveals interesting hemispheric differences in evolution (Figure 10a) : Whereas both the NH and SH hemispheric mean SSTs trend upward over the twentieth century, the rates at which they do are different. Most prominently, there is an abrupt shift with NH cooling and SH warming around the late 1960s. Thompson et al. (2010) demonstrate the robustness of this shift and reveal that the spatial pattern of that drop has an interhemispheric thermal gradient-like nature, with the largest cooling centered over the mid-to high-latitude North Atlantic (Figure 10b) . Indeed, the high-latitude North Atlantic SST shows a prominent drop in SST around the late 1960s (Figure 11) . Compo & Sardeshmukh (2010) found a similar pattern of interhemispheric SST variations using a very different method: They extracted ENSO from the observational SST record and found that the second empirical orthogonal function (explaining 13.9% of the remaining variance) of the ENSO-unrelated SST record showed an interhemispheric pattern spatially similar to that in Figure 10 .
The cause of the late-1960s abrupt shift in SSTs is still not well understood. Regardless of the source, however, our hypothesis would predict abrupt change to tropical rainfall in the late 1960s in response to the change to the interhemispheric SST gradient. There is, in fact, increasing evidence to suggest that this did occur. The most well known was the Sahel rainfall, which underwent an abrupt shift toward drier conditions around [1967] [1968] [1969] (Figure 11b) . Folland et al. (1986) were the first to suggest a link between the Sahel drought and the worldwide global interhemispheric SST pattern (Figure 2) , and subsequent AGCM simulations with imposed twentieth-century SST anomalies were able to simulate this rainfall shift (e.g., Giannini et al. 2003) . A cursory examination of the updated Sahel rainfall time series (Figure 11 ) and the interhemispheric gradient time series of Thompson et al. (2010) (Figure 10a) shows that this link remains robust, and the correlation is quite high. 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 The suggestion, therefore, is that both the global SST anomaly associated with the Sahel drought and the Sahel drought itself are consequences of the abrupt extratropical North Atlantic cooling in the late 1960s. Although the link between global SST anomalies and Sahel rainfall is well established (e.g., Giannini et al. 2003) , exactly how the global SSTs influence Sahel rainfall is not yet understood. Some studies using idealized AGCM simulations with fixed SST anomalies have focused on the tropical Atlantic dipole (e.g., Hoerling et al. 2006) , and others have focused on the tropical Indian Ocean SST (e.g., Bader & Latif 2003) ; the results of such studies are generally mixed. Complicating the issue is that the same uniform increase in global SST applied to different AGCMs gives very different Sahel rainfall responses (Held et al. 2005) .
Extending this idea, Baines & Folland (2007) suggested that the late-1960s abrupt SST shift was, in fact, part of a larger phenomenon encompassing rapid changes to the global atmosphere and climate system, including the tropics and SH. Using a reanalysis data set and supporting observational data sets, they showed that these rapid changes were most prominent in the June-August climate, although these changes also manifested themselves to a lesser extent in the opposite season. The tropical rainfall changes they found associated with this shift were most pronounced over the Sahel (decrease), but extended also to tropical South America (increase) and the Indian monsoon (decrease). There is substantial uncertainty, however, regarding the existence of the 1960s shift other than in the North Atlantic SST and Sahel rainfall, because of the relative lack of data coverage prior to the satellite period. Liu & Chiang (2012) suggested a link between the late-1960s abrupt North Atlantic cooling and the monsoonal changes not only over West Africa but also over Asia. Using reanalyses and numerous observational data sets, they extracted a pattern of climate change over North Africa and Eurasia characterized by continental-wide cooling, high surface pressure, a weakening of both the West African and South Asian monsoons, and a southward shift in the rainfall over North China. This pattern switched to its current phase around the late 1960s. They also extracted a similar pattern of change with approximately similar timing in two different Atmospheric Model Intercomparison Project-type simulations in which the observed SSTs were imposed in a transient twentieth-century simulation, suggesting that this pattern was driven by the global SSTs. Their preliminary analysis suggests that this pattern has its origins from cooling over the high North Atlantic. Thus, the elements of the teleconnection hypothesis proposed in this review-extratropical cooling, interhemispheric thermal gradient, and tropical rainfall responseall appear to exist for the particular scenario of the late-1960s abrupt shift.
Aerosol Radiative Influence on Tropical Rainfall
Sulfate aerosols are primarily reflective and have a largely cooling effect, which is compounded by indirect effects that further increase the reflectivity of the atmosphere through increasing cloud albedo and lifetimes (e.g., Ramanathan et al. 2001 ). It has long been known that sulfate aerosols preferentially cooled the NH in the twentieth century, given that most industrialized emissions are in the midlatitude North and that aerosols have relatively short atmospheric lifetimes (e.g., Kiehl & Briegleb 1993) . Anthropogenic sulfur (the precursor to sulfate) emissions increased from virtually zero in 1850 to approximately 5 teragrams (Tg) year −1 in the SH after 1950 and 65 Tg year −1 in the NH in 1990, with total radiative forcing (both direct and indirect effects) estimates for 1990 at −0.27 W m −2 in the SH and −1.15 W m −2 in the NH (Boucher & Pham 2002 ). However, the effects of the aerosol-induced extratropical NH cooling on the interhemispheric thermal gradient and tropical rainfall have been appreciated only more recently. AGCM simulations by Rotstayn et al. (2000) , followed by Rotstayn & Penner (2001) and Williams et al. (2001) , were the first to show that the global climate impacts from late-twentieth-century anthropogenic aerosol distributions cause NH-wide cooling, leading to an interhemispheric thermal gradient, a general southward shift of the ITCZ, and a weakening of the NH summer monsoons. Figure 12 illustrates the late-twentieth-century distribution of sulfate aerosols and the resulting interhemispheric effects (both direct and indirect) on temperature and tropical rainfall.
Subsequent studies have investigated the connection between sulfate aerosol cooling of the North Atlantic, the interhemispheric SST gradient, and tropical rainfall changes. As with the abrupt late-1960s shift, much of the research has focused on the impacts on the Sahel. Biasutti & Giannini (2006) examined the response in coupled-model simulations to known twentiethcentury climate radiative forcings using the multimodel ensemble output from the Coupled Model Intercomparison Project phase 3 (CMIP3) (Meehl et al. 2007a) , concluding that the majority of the models simulated Sahel drying in the late twentieth century. They also showed that the CMIP3 twentieth-century multimodel ensemble mean response exhibited an interhemispheric pattern in the global climate anomalies of the late twentieth century-a relative cooling of the NH (with respect to the global mean increase), a southward shift in the Atlantic ITCZ, and a weakening of Sahel rainfall and the Asian monsoon. Biasutti & Giannini (2006) argued that the interhemispheric pattern originates from anthropogenic aerosol emissions, although their assertion came somewhat indirectly through comparing the difference of the SST changes in the twentieth-century simulations with the twenty-first century changes, the latter being forced primarily by greenhouse gases.
Recent studies have since developed the understanding of the impacts of twentieth-century sulfate aerosol forcing on the Sahel. Scaife et al. (2009) also found that several models imposed with twentieth-century climate radiative forcings were collectively able to simulate Sahel drying, although the response was, on average, less than half of the observed long-term change. Kawase et al. (2010) examined mechanisms for causes of the drying trend in the Sahel rainfall and found that anthropogenic aerosols acted to dry the Sahel both thermodynamically through cooling the local troposphere and dynamically through altering the local circulation. Ackerley et al. (2011) has shown that the remote aerosol effect on the Sahel rainfall appears to be robust under perturbed physics experiments.
A recent result by Chang et al. (2011) identifies the role of sulfate aerosols in twentieth-century tropical climate change in the Atlantic sector. They found a significant trend in the tropical Atlantic 60S   180  150W  120W  90W  60W  30W  0  30E  60E  90E  120E  150E  180   180  150W  120W  90W  60W  30W  0  30E  60E  90E  120E  150E  180   60N   30N   EQ   30S   60S .5 .5
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. SST dipole over the twentieth century through the 1980s, with the southern SST lobe warming more than the northern counterpart, leading to a southward shift in the marine ITCZ. They showed that a similar long-term forced trend exists in the multimodel ensemble of twentiethcentury CMIP3 simulations. By comparing the trend slopes in twentieth-century runs with those of preindustrial simulations, they concluded that the twentieth-century trend is highly unlikely to arise purely from natural variations. Further analysis using twentieth-century single-forcing runs indicated that sulfate aerosol forcing is the predominant cause of the multimodel trend. The effect of local aerosols-known as the Asian Brown Cloud-on the South Asian monsoon has recently been highlighted (e.g., Ramanathan et al. 2001 Ramanathan et al. , 2005 . Our hypothesis suggests that remote aerosol forcing from the northern extratropics, and teleconnected to the monsoon regions, may also play a role. In a recent model study of the twentieth-century Asian summer monsoon, Cowan & Cai (2011) found that remote aerosols produce a larger suppression than local aerosols do. They found in their simulations that non-Asian aerosols lead to a broadening and enhancement of colder temperatures over Eurasia relative to the oceans, leading to a weakening of monsoonal circulation. This response is highly reminiscent of monsoonal changes in AMOC-shutdown simulations and an interhemispheric-like response. Finally, Bollasina et al. (2011) also attributed the twentieth-century weakening of the South Asian monsoon to anthropogenic aerosols (although they did not distinguish between local and remote aerosols), and they interpreted the change as a tropical circulation response to the interhemispheric energy imbalance between the NH and SH caused by the aerosols.
EXTRATROPICAL HEATING/COOLING AND TROPICAL CLIMATE CHANGE IN FUTURE CLIMATE PROJECTIONS
In this section, we discuss some of the ways in which the teleconnection may be involved in future tropical climate changes due to extratropical forcings and feedbacks. Some evidence suggests that North Atlantic SSTs could drive an interhemispheric thermal gradient response analogous to those of the paleoclimate and the twentieth century, and it could account for some of the variability in tropical climate projections. To illustrate this, we examined future climate simulations in the CMIP3 archive, using the Special Report on Emissions Scenarios middle-of-the-road A1B future climate scenario. Figure 13 shows the composite difference between the five models that simulate the largest and smallest respective SST change in the northern North Atlantic relative to the global mean. The spatial SST composite pattern is clearly interhemispheric, with cooling across the North Pacific and North Atlantic. Moreover, the tropical rainfall response is suggestive of the interhemispheric thermal gradient teleconnection, with decreases in the northern tropics and increases in the southern tropics.
Multiple factors may drive the extratropical thermal forcing. Anthropogenic aerosols may be a strong influence on North Atlantic SSTs and the overall interhemispheric SST gradient over the twenty-first century, as they were over the twentieth. Sulfate aerosols are technologically the easiest to control (Andreae 2007) ; the Intergovernmental Panel on Climate Change's future scenarios project decreasing sulfate concentrations and therefore positive radiative forcing as emissions decline from pollution control and technology transfer (Pham et al. 2005) . This predominantly will affect the NH, continuing the trajectory that has been already been occurring over the North Atlantic from Europe and North America over the past few decades. The resultant North Atlantic warming, according to Cox et al. (2008) , is causing a northward ITCZ shift and will contribute to Amazon drying by the year 2100. The twenty-first-century trajectory and forcings from other types of aerosols, especially black carbon, are uncertain, especially over South and East Asia. Black carbon, a product of incomplete combustion of fossil fuel and wood, is thought to be of increasing importance for future climate. The direct effect of black carbon is to warm the climate, but it also contributes to indirect effects, leading to some uncertainty in its overall climate effect (Ramanathan & Carmichael 2008) . Figure 14 compares the transient instantaneous radiative forcing of black carbon aerosols of a future climate change scenario in two different CMIP3 coupled models (Shindell et al. 2008) . The interhemispheric radiative forcing changes from black carbon are opposite in sign, even though both models use the same future scenario (Nakicenovic & Swart 2000) .
Other hemispherically asymmetric extratropical thermal forcings may be relevant to future climate change. One potential forcing is land-use changes over large areas in the NH that influence the climate from albedo and evaporative effects. Notably, Swann et al. (2012) showed that midlatitude afforestation can potentially provide a hemispherically asymmetric forcing that warms the NH and shifts the ITCZ northward. The AMOC is another large source of uncertainty in future climate projections. Most coupled-model simulations of the twenty-first century simulate a slowdown of the AMOC, cooling the North Atlantic as in Figure 13 ; however, these projections are highly variable across models (Meehl et al. 2007b) . Following recent work exploring the energy transport influences on the ITCZ (see Section 4), some studies have examined extratropical feedbacks to uniform greenhouse forcing that may influence interhemispheric energy fluxes and shift the zonal-mean ITCZ latitude in future climate simulations. A recent study by Frierson & Hwang (2012) of doubled CO 2 simulations in several AGCM-slab ocean models showed a wide range of ITCZ shifts, which they largely attributed to the variations in extratropical cloud and ice feedbacks. Another study by Zelinka & Hartmann (2012) identified the Southern Ocean as a possible source of relative cooling because of the strong heat absorption there, necessitating interhemispheric energy fluxes that shift the ITCZ.
We end this section with a couple of caveats regarding the applicability of the teleconnection to future climate projectons. First, we note that tropical interhemispheric SST gradient changes can be driven through mechanisms other than extratropical thermal forcings. For example, recent studies of future climate simulations have found that tropical interhemispheric SST gradients can be generated by spatial variations in the evaporative surface fluxes within the tropics, which contribute to warming minima in the tropical North Atlantic (Leloup & Clement 2009 ) and subtropical southeast Pacific (Xie et al. 2010 ). Second, a further complication in understanding how future interhemispheric thermal gradients affect tropical climate is that the mean state of the atmosphere is changing owing to the increase in moisture capacity and other feedbacks (e.g., Held & Soden 2006) ; thus, some relationships based on paleoclimate and the twentieth century may not hold in the future. For example, find that the Atlantic interhemispheric SST gradient does not appear to explain Sahel rainfall changes in CMIP3 simulations of a future climate scenario, as they do for the twentieth century.
CONCLUDING REMARKS
In this review, we have argued for the existence of a teleconnection of extratropical cooling to the tropical rainfall climate through the development of an interhemispheric thermal gradient. To our knowledge, this is the first time that the existing literature has been comprehensively summarized and presented under an umbrella concept of a global teleconnection that is analogous to the ENSO teleconnection. The most compelling reasons for the existence of this teleconnection, we think, are these: (a) qualitatively consistent behavior across different AGCMs to extratropical cooling, and also in different coupled-model behavior to AMOC shutdown; (b) the development of a consistent energy flux framework to interpret this teleconnection; and, most importantly, (c) compelling evidence from paleodata that shows that this global teleconnection has occurred in abrupt climate changes during the past.
Our understanding of the dynamics and applications of this teleconnection hypothesis is still in its early stages. Provided that this hypothesis is ultimately correct, how might the development of the research proceed? To get a sense of what needs to be done, we can learn from the development of the science of ENSO teleconnections. First, global climate observations, spanning a number of years, were required to work out statistically meaningful relationships between ENSO and the remote climate. Although we know the gross features of the teleconnection from paleodata, much work is still required to clarify the millennial climate change relationships between Greenland's climate and the climate around the world. This is particularly urgent in regions such as the SH, where data are sparse. The development of new paleoproxies will allow us to continually test the hypothesis of atmospheric teleconnections from extratropical North Atlantic cooling. Furthermore, better twentieth-century climate data reconstructions and reanalyses-particularly over the oceans and the SH-can help elucidate the teleconnection relationships during the historical period.
Second, there is a pressing need for the development of a mechanistic theory for this teleconnection. Wallace & Gutzler (1981) identified the Pacific-North American stationary wave pattern as central to the ENSO teleconnection to North America, and Hoskins & Karoly (1981) presented the framework of a mechanistic theory that explained these teleconnection patterns as anomalous stationary planetary wave propagation generated from Rossby wave sources ultimately resulting from convective changes in the tropical Pacific. The interhemispheric thermal gradient is, we hypothesize, the corresponding teleconnection pattern for the extratropical cooling teleconnection to the tropics; Kang et al. (2009) has provided a detailed energy flux framework for interpreting this teleconnection. However, a mechanistic theory has yet to be formulated (but see Section 4 for a discussion).
Of the mechanistic questions to be elucidated, two outstanding issues come to mind. The first issue concerns leverage: How much is tropical rainfall affected for a given amount of extratropical forcing? Furthermore, is the latitude position of the extratropical forcing important? Central to this question is the strength of the positive feedbacks that act to amplify the interhemispheric forcing. These questions about the applicability of the teleconnection are highly important for twenty-first century climate change (see Section 6). For example, will the large projected Arctic warming affect tropical rainfall, or is the latitude too poleward to induce the teleconnection? The second issue is that much of the existing conceptual framework for this teleconnection has been developed in a zonally averaged framework, and it remains to be seen how the teleconnections work in a real-world climate. Zonal inhomogeneities in both the forcing and response are likely to be of first-order importance to this problem, and a zonal eddy dynamical and thermodynamical framework is thus needed to effectively deal with realistic problems. A better understanding of the relative roles of stationary and transient eddy transports in both momentum and energy is required as a first step.
The application of this teleconnection hypothesis is still very much in its infancy. Understanding the nature of the atmospheric teleconnections during abrupt climate change events may lead to new mechanistic insights, in the same way that understanding the Southern Oscillation and Walker circulation helped the development of a theory for ENSO. Could understanding the atmospheric teleconnection lead to new insights about possible feedback mechanisms for the AMOC, for instance? Moreover, understanding the dynamics of this teleconnection from theory and models may lead to new insights into the larger problem of abrupt climate change. A recent study by Lee et al. (2011) offers such an example: Using an AGCM, they explored the hypothesis of an impact on the SH westerlies from North Atlantic cooling as suggested by Anderson et al. (2009) . The modeling study indeed revealed the possibility of such a teleconnection and its spatial and temporal characteristics; by doing so, it potentially revealed new features of the teleconnection that could be tested against new paleoclimate and observational data.
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